Recent evidence supports the use of end-to-side neurorrhaphy for the treatment of certain peripheral nerve disorders. However, the mechanism by which nerves regenerate following this procedure is still unclear. To address this question, the authors designed a new end-to-side coaptation model in rats in which the donor nerves were uninjured. The regenerated axons at the coaptation site were observed directly using fluorescent dye as the neural tracer. The sciatic nerve from adult Wistar rats was transplanted between the left and right median nerves. Fifteen rats were divided into three groups. In group I, the donor (right median) nerve was sutured end to side to the divided grafted nerve using a noninjury technique. In group II, the aponeurosis of the spinal muscles was harvested and the sciatic and right median nerves were coapted end to side noninjuriously by wrapping them in the excised aponeurosis. In group III, a perineurial window was created and a partial neurectomy was carried out at the suture site, after which the sciatic and right median nerves were sutured end to side. Sixty days after the operation, nerve regeneration was evaluated by recording action potentials in the grafted nerve, by performing electromyography in the flexor muscles in the forearm, and by histological examination. The grafted nerves were fixed and sectioned, the number of regenerated nerve fibers was counted, and axonal diameters were measured. Fluorescent dye crystal was used, in conjunction with confocal microscopy, to observe the regenerated axons at the coaptation site. The results showed that nerve regeneration had occurred in the animals, as determined electrophysiologically and histologically. Both the right and left flexor muscles of the forearm contracted simultaneously as a result of indirect electric stimulation of the grafted nerve, which suggests that the regenerated nerve was physiologically connected with the donor nerve. Nerve fiber counts did not show any differences among groups (p Ͼ 0.05), but axonal diameters were significantly greater in group III than in the other two groups. Fluorescent dye staining revealed the presence of regenerated nerve fibers beyond the coaptation site. In group III, the regenerating nerves were observed within the whole section of the coaptation site and collateral sprouting was found to occur even at a site distal to the suture. From these results, the authors conclude that in end-to-side neurorrhaphy, nerve regeneration occurs by collateral sprouting from the donor nerve. (Plast.
Recent evidence supports the use of end-to-side neurorrhaphy for the treatment of certain peripheral nerve disorders. However, the mechanism by which nerves regenerate following this procedure is still unclear. To address this question, the authors designed a new end-to-side coaptation model in rats in which the donor nerves were uninjured. The regenerated axons at the coaptation site were observed directly using fluorescent dye as the neural tracer. The sciatic nerve from adult Wistar rats was transplanted between the left and right median nerves. Fifteen rats were divided into three groups. In group I, the donor (right median) nerve was sutured end to side to the divided grafted nerve using a noninjury technique. In group II, the aponeurosis of the spinal muscles was harvested and the sciatic and right median nerves were coapted end to side noninjuriously by wrapping them in the excised aponeurosis. In group III, a perineurial window was created and a partial neurectomy was carried out at the suture site, after which the sciatic and right median nerves were sutured end to side. Sixty days after the operation, nerve regeneration was evaluated by recording action potentials in the grafted nerve, by performing electromyography in the flexor muscles in the forearm, and by histological examination. The grafted nerves were fixed and sectioned, the number of regenerated nerve fibers was counted, and axonal diameters were measured. Fluorescent dye crystal was used, in conjunction with confocal microscopy, to observe the regenerated axons at the coaptation site. The results showed that nerve regeneration had occurred in the animals, as determined electrophysiologically and histologically. Both the right and left flexor muscles of the forearm contracted simultaneously as a result of indirect electric stimulation of the grafted nerve, which suggests that the regenerated nerve was physiologically connected with the donor nerve. Nerve fiber counts did not show any differences among groups (p Ͼ 0.05), but axonal diameters were significantly greater in group III than in the other two groups. Fluorescent dye staining revealed the presence of regenerated nerve fibers beyond the coaptation site. In group III, the regenerating nerves were observed within the whole section of the coaptation site and collateral sprouting was found to occur even at a site distal to the suture. From these results, the authors conclude that in end-to-side neurorrhaphy, nerve regeneration occurs by collateral sprouting from the donor nerve. (Plast. Reconstr. Surg. 114: 129, 2004.) Recent evidence suggests that patients with peripheral nerve injury, 1,2 facial palsy, 3, 4 or neurinoma 5 can be successfully treated by endto-side neurorrhaphy. The following four hypotheses have been proposed to explain how nerves regenerate after this procedure ( Fig. 1): (1) the damaged nerves regenerate and grow into the transplanted nerve 6, 7 ; (2) the damaged nerves regenerate and grow bidirectionally into the transplanted nerve as well as the donor nerve; (3) collateral sprouting occurs from the donor nerve 8 -10 ; and (4) after collateral sprouting, the regenerated nerve fibers gradually prune themselves to avoid double innervations. [11] [12] [13] Using a double-labeling technique, Zhang et al. 9 reported that donor nerves sprouted collaterally after neurorrhaphy. Sprouting of donor nerve fibers was also reported in a noninjurious donor nerve model system that utilized a Y-shaped silicone chamber. 10 Aside from the above studies, however, there has been little evidence in the literature to support a role for collateral sprouting in end-to-side neurorrhaphy.
To clarify further the mechanism of nerve regeneration in this procedure, we designed a noninjurious end-to-side coaptation methodology in the rat. Morphological changes in the regenerating nerves were evaluated by histo-logical staining, and their electrophysiological characteristics were evaluated by recording their action potentials and by electromyography. Furthermore, the regenerated axons at the coaptation site were directly visualized using a fluorescent dye as a neural tracer.
MATERIALS AND METHODS

Animals
Fifteen male Wistar rats, weighing an average of 300 Ϯ 50 g, were used in this study. Rats were anesthetized with sodium pentobarbital (70 mg/kg intraperitoneally); an additional dose was given as needed to stabilize animals during the surgical procedure. The animals were bred in a temperature-controlled environment with food and water accessible ad libitum. All animal experiments were conducted according to the National Institutes of Health's Guidelines for the Care and Use of Laboratory Animals.
Surgical Procedure
Rats were immobilized in the prone position on a corkboard. The sciatic nerve was exposed by making an incision from the medial buttock to the lateral thigh, after which an approximately 4.0-cm length of the nerve was removed. The animal was then turned over to the supine position and an incision was made from the right to left elbow across the chest. The major and minor pectoral muscles were then separated in the midline to expose the brachial nerve plexus. One end of the freshly harvested sciatic nerve and the exposed right median nerve were sutured end to side with 10-0 nylon sutures under a surgical microscope. The left median nerve was sectioned and its distal stump was sutured end to end to the other side of the sciatic nerve graft. The proximal stump of the left median nerve was implanted into the adjacent musculature, the major pectoral muscles were sutured, and the wound was then closed using 4-0 nylon sutures (Fig. 2 , for overview).
Experiment Design
We designed two new end-to-side neurorrhaphy approaches in which the donor (right median) nerve was completely noninjurious (Fig. 3 ). Rats in group I had their sciatic nerve separated at the coaptation site. Their right median nerve was inserted and grasped by the separated sciatic nerve by end-to-side neurorrhaphy (Fig. 3, left) . In group II rats, the aponeurosis of the spinal muscles was harvested while the rat was in the initial prone position. The sciatic and right median nerves were then coapted end to side by wrapping them in the excised aponeurosis (Fig. 3, center) . Rats in group III, which served as the control group, had their sciatic nerves sutured end to side with their right median nerves. At the coaptation site, a perineurial window was opened and partial neurectomy was performed to one fifth the normal depth (Fig. 3, right) .
Electrophysiological Tests
Action potential. Sixty days after the above operations, the animals were anesthetized with sodium pentobarbital and were immobilized in the supine position. After incision as outlined above, the grafted nerve, the flexor muscles of the forearms, and the median nerves on both sides were carefully exposed under a dissecting microscope. Three action potential measuring FIG. 3 . Schematic illustration of the three experimental procedures. (Left) Rats in group I had the sciatic nerve separated at the coaptation site. Their right median nerve (M) was inserted and grasped by the separated sciatic nerve (S) by end-to-side neurorrhaphy. (Center) In group II rats, the sciatic and right median nerves were coapted end to side by wrapping them in the aponeurosis (A) of the spinal muscles. (Right) Rats in group III, which served as the control group, had the sciatic nerve sutured end to side with the right median nerve. At the coaptation site, a perineurial window was opened and partial neurectomy was performed in its one-fifth depth.
points were then attached to the tissues (S1 to S3, Fig. 4 ). To record the action potentials and electromyograph, the shielded bipolar stimulatory electrode was hooked onto the S1 or S2 point (Fig. 4) . Stimulations were increased to the supramaximal level (square pulse 1 Hz, 0.2-msec pulse duration, 2.0 to 4.0 mA) and the action potentials were recorded between S1 and S2, S1 and S3, and S2 and S3. After 20 stimulations, the average shape of the potentiated waves was determined. This procedure was performed twice to assess reproducibility.
Electromyography. Electromyographic analysis was carried out by stimulating the S1 or S2 point and then measuring muscle contractions at receptor pins that were placed into the flexor muscles of both upper limbs (M1 and M2). Recordings were made using a Nihon Koden (Tokyo, Japan) Neuropack Four, MEM-4104 electromyography apparatus.
Conduction velocity of the grafted nerve. Four recipient rats, two each from groups I and II, were selected. The grafted nerves were stimulated at two points, S2a and S2b, which were 1 cm apart. Electromyographic responses of their M1 muscles were recorded, and conduction velocities of their grafted nerves were calculated by determining the difference between the starting points of these two respective waves.
Histological evaluation. After the electrophysiological tests, the middle of the grafted nerves (S2) was harvested and fixed overnight in a cacodylate buffered 2% glutaraldehyde solution. These tissues were then embedded in Epon resin, sectioned, and stained with toluidine. The number of nerve fibers was counted under a light microscope with the aid of computer software (KS400, Carl Zeiss, Germany). The short diameter of the axons was determined using this same software after a picture of the stained nerve was scanned onto tracing paper. The above data were analyzed using a one-factor analysis of variance, followed by Fisher's protected least significant difference test. A p value less than 0.05 and an F ratio greater than F(0.95) were taken as statistically significant.
Fluorescent dye staining. The end-to-side coaptation sites were dissected out from animals in groups II and III and were fixed in 0.1 M phosphate buffer (pH.7.4) supplemented with 4% paraformaldehyde and 0.1% glutaraldehyde. Four to 5 hours later, fluorescent dye (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, Ore., D-282) crystal was placed on the   FIG. 4 . Stimulation and measuring points for the electrophysiological tests. S1, 3 mm proximal to the coaptation site; S2, the middle of the grafted nerve; S3, 10 mm distal to the coaptation site; Muscle 1, flexor muscles of the right forearm; Muscle 2, flexor muscles of the left forearm. The nerve was stimulated at points S1 and S2, and action potentials were recorded between S1 and S2, S1 and S3, and S2 and S3. Electromyography was recorded at points Muscle 1 and Muscle 2. proximal side of the harvested recipient nerve. The samples were then incubated at 37°C for 4 weeks. The nerves were then washed three times with phosphate-buffered saline and immersed in 10% sucrose solution for 2 hours followed by an immersion in a 20% solution overnight. Thirty-micrometer-thick cryostat longitudinal sections of the nerves were then made, mounted on gelatin-coated slides, and observed under a confocal laser-scanning microscope (MRC-1024, Bio-Rad, Hercules, Calif.) using a rhodamine filter.
RESULTS
Electrophysiological Tests
Action potentials were recorded between S1 and S2 in all animals; in some animals, they were also recorded between S2 and S3 ( Table  I ). The evoked potentials at the M2 muscles were elicited in all rats by indirect electrical stimulation of the grafted nerve (S2 ; Table II) . However, in group I, they were not elicited at the S1 point, which was more proximal than the end-to-side coaptation site. On the other hand, muscles M1 and M2 contracted simultaneously by indirect electrical stimulation at the S2 point. The functionality of the regenerated nerve was judged to be active by the fact that the M waves at the M2 muscles of the forearm (M2) were elicited upon stimulation of the S2 point (Table II) . Our results indicated that nerves regenerated in all animals in each of our three groups.
Conduction Velocity of the Regenerated Nerve
When the M1 muscles were stimulated at two points that were 1 cm apart, the electromyographic waves shifted (Fig. 5) . The conduction velocity of the grafted nerve, calculated from the gap between the two M waves, was 36.67 meters/second.
Histological Evaluation
Cross-sections of grafted nerves (S2) from animals in all three groups showed many regenerating axons along with some degeneration profiles of denervated Schwann cells (Fig.  6 ). There were no statistically significant differences in the mean nerve fiber counts among the three groups (Table III) . In contrast, group III had a significantly larger axonal diameter than did the other two groups (groups I and III: p ϭ 0.013; groups II and III: p ϭ 0.0067; Table III ).
Fluorescent Dye Staining
Regenerated fibers in the grafted nerves from rats in group II stained with fluorescent * The evoked potentials at the M2 muscles were obtained in all rats by indirect electrical stimulation of the grafted nerve (S2). On the other hand, in group I, they were not evoked at the S1 point, which was more proximal than the end-to-side coaptation site, although muscles M1 and M2 were contracted simultaneously by indirect electrical stimulation at the S2 point. The functionality of the regenerated nerve was judged to be active by the fact that the M waves at the M2 muscles of the forearm (M2) were elicited upon stimulation of the S2 point. In all animals, the regenerated nerve was active because M waves at the M2 muscles of the forearm (M2) were elicited upon stimulation of the S2 point.
dye beyond the coaptation site (Fig. 7) . We observed regenerating axons sprouting collaterally from the donor nerve. In group III, the regenerating nerves were observed within the whole section of the coaptation site, and collateral sprouting was found to occur even at a site distal to the suture (Fig. 8 ).
DISCUSSION
The above results suggest that regeneration occurred by collateral sprouting from the donor nerve in the end-to-side neurorrhaphy. In this model, maximum care was taken to avoid possible injury to the donor nerve. Collateral sprouting of regenerating axons from the donor nerve was verified by staining with a fluorescent dye tracer. Although both the right and left flexor muscles in the upper limbs contracted in response to stimulation of the grafted nerve, this might have been due to conduction of the stimulus through nonneuronal tissues. If this is the case, the action potential between S2 and S3 would not be recorded and the conduction velocity of the nerve would become infinity (ϱ).
Our experiment indicated that action potentials were recorded between S2 and S3 (with a conduction velocity of 36.67 meters/second). Therefore, it is most likely that the stimuli conducted through the regenerated, collaterally sprouting nerve fibers (Fig. 9) .
In the majority of previously described models, [13] [14] [15] [16] a distal branch of the divided nerve is sutured end to side with the other branch. While this approach is advantageous for regeneration since each nerve maintains its own blood supply, it allows for the possibility that regenerating axons can sprout from the proximal stump of the sutured nerve. 17 Some investigators have successfully used free nerve grafts to avoid this problem. 18 -21 The use of noninjurious end-to-side neurorrhaphy models was reported by Bertelli et al. 22 and Matsumoto et al. 10 Bertelli et al. used fibrin glue to coaptate the sectioned nerves, but these investigators failed to demonstrate nerve regeneration. 22 chamber, 10 Lundborg et al. 8 showed that the attached nerve segment was very important in facilitating attraction and regrowth of fibers. In our new models, we used a free nerve graft with completely noninjurious end-to-side coaptations without additional artificial objects.
Therefore, our noninjury model is the most suitable one for evaluating nerve regeneration in this procedure.
Although toluidine blue, 19, 23 silver impregnation, 12 and immunocytochemical staining of neurofilament protein globlin 10 have all been used to visualize regenerating axons, they are not effective in localizing sprouting axons. Neural tracers, such as horseradish peroxidase, have generally been used to evaluate axon continuity. 7, 9 Zhang et al. 9 used two such tracers to evaluate the degree of collateral sprouting in double-stained neurons in dorsal root ganglia, but they only studied the neurons within the ganglia and not their axons.
The fluorescent carbocyanine dye used in this study (i.e., (1,1'-dioctadecyl-3,3,3',3 '-tetramethylindocarbocyanine perchlorate) has been widely used as a neural tracer since it was first introduced by Honing and Hume in 1986. 24 It has long carbon chains which make it lipophilic. Cells rapidly incorporate this dye into their plasma membranes, after which it spreads along the axon by diffusion. [25] [26] [27] It has been used to label live axons in vivo as well as fixed tissues. 26 The use of fixed tissues allowed us to observe regenerating axons directly at the coaptation site. In our noninjury model, the fluorescent dye diffused beyond the coaptation site and regenerating axons sprouted collaterally from the recipient's nerve (Figs. 7 and 8 ). In this situation, the regenerated nerves dominated in the distal muscles as a result of collateral sprouting. Therefore, double innervation by the donor nerve could have occurred in the right and left flexor muscles of the forearm. However, it is not theoretically possible that one motor neuron dominates two disparate muscles, and pruning would occur after a long period of time. 13 To avoid double innervation of the muscle, there is another possibility, that is, that the regenerated nerves might have gradually pruned themselves and ensured that only the functionally dominant nerves innervated the muscle. Pruning is a delayed mechanism after neuroregeneration in the peripheral nerves system, and Zhang et al. 12 suggested this possibility in a long-term study. Future long-term studies using fluorescent double-labeling techniques will be required to investigate this further.
Neurotrophins such as nerve growth factors, the insulin-like growth factors, and fibroblast growth factor, as well as factors released from Schwann cells, together with the physical attachment itself, are all key factors that promote axonal sprouting. 28 -30 
CONCLUSIONS
We found that the nerves were regenerated by collateral sprouting from the donor nerves following end-to-side neurorrhaphy. We showed it by the nerve regeneration in our noninjurious models and by the visualized axons at the coaptation site using a fluorescent dye as a neural tracer.
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